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I
n glaucoma, the second most common leading cause of blindness, 1 retinal ganglion cells (RGCs) and their axons progressively degenerate, causing increasing visual deficits. Although the reasons underlying RGC death in glaucoma are not known, two main insults are believed to be involved: a crush-like injury to the RGC axons at the optic nerve head and/ or an ischemic episode to the retinal vasculature (reviewed in Refs. 2 and 3).
Complete intraorbital optic nerve crush (IONC) is a model of acute traumatic axonal injury to the central nervous system that causes extended RGC degeneration and apoptosis. Additionally, while not being an exact model of glaucoma, IONC injury shares some common mechanisms with this disease. 4 In our rat IONC model, the optic nerve (ON) is crushed for 10 seconds, resulting in complete interruption of the retinofugal projection, as demonstrated by their failure to transport tracers orthogradely and retrogradely. 5 IONC triggers a reproducible massive RGC degeneration, and by day 14 more than 80% of their population is lost. [5] [6] [7] In the early phase of degeneration, there is a diffuse loss of RGCs throughout the entire retina, which is significantly detected 3 days after the lesion. 6, 7 At the molecular level, as early as 12 hours after the injury there are significant changes in the regulation of prodeath genes and proteins. 8, 9 However, at 12 hours, anatomical RGC loss is not yet detected, suggesting that the commitment to death occurs earlier than previously anticipated. Furthermore, it is also observed that cellular metabolism itself is highly regulated by IONC.
Because of the different therapeutic implications for neuronal traumatic loss, many efforts have been devoted to investigate neuroprotective therapies to delay or stop axotomyinduced RGC death. Among these, neurotrophin delivery is one of the most successful. 5, [10] [11] [12] [13] [14] [15] [16] [17] However, the different therapies tested have been unsuccessful in permanently rescuing injured RGCs.
IONC regulates several apoptotic pathways in the retina 8, 9 and, thus, neuroprotective therapies may have missed important target molecules or the correct time-window for action. In addition, the complexity of signaling pathways involved in RGC degeneration makes it difficult to choose the correct target molecule. To successfully mitigate RGC loss, it would be helpful to understand the full genetic and metabolic changes occurring during RGC death. This information could provide important information about key regulators of this process that could be used as prognostic or therapeutic molecules.
The analysis of the concentrations of a large collection of metabolites present in a given tissue in a given developmental, physiological, or pathological state provides a measure of the metabolic state of the cells. 18 The main goal of metabolomic studies is the identification of metabolic markers 19 that may help to discriminate healthy versus pathological conditions, such as infection, 20, 21 cancer, [22] [23] [24] and chronic, 25 cardiovascular, [25] [26] [27] [28] or neurodegenerative diseases. 25, [29] [30] [31] [32] [33] Identification of metabolites as biomarkers for neurological diseases has been carried out since the 1990s (reviewed in Ref. 34 ). Nowadays, the -omics technologies allow disclosing the global changes in metabolites, proteins, or transcripts occurring in pathological versus healthy samples. Furthermore, combination of different -omics approaches, such as transcriptomic or proteomics with metabolomic, serves to create a more comprehensive picture of the changes associated to diseases or unsalubrious conditions, to better understand and therefore to treat them, and to pinpoint putative biomarkers. 29, [35] [36] [37] [38] [39] [40] [41] [42] [43] Here we have analyzed the metabolomic changes induced in the retina at two time points after IONC, early after the lesion when pro-death signals are overexpressed but the anatomical loss of RGCs is not yet observed, and late after the lesion when the acute wave of RGC death has finished. 
MATERIALS AND METHODS

Animals Groups Subjected to Surgery
For anesthesia, a mixture of xylazine (10 mg/kg body weight, Rompun; Bayer, Kiel, Germany) and ketamine (60 mg/kg body weight, Ketolar; Pfizer, Alcobendas, Madrid, Spain) was used intraperitoneally (i.p.). After surgery, an ointment containing tobramicin (Tobrex; Alcon, S.A., Barcelona, Spain) was applied on the cornea to prevent its desiccation. Rats were given oral analgesia (Buprex, buprenorphine 0.3 mg/mL; ScheringPlough, Madrid, Spain) at 0.5 mg/kg (prepared in strawberryflavored gelatin) the day of the surgery and during the next 3 days.
All animals were killed with an i.p. injection of an overdose of pentobarbital (Dolethal, Vetoquinol; Especialidades Veterinarias, S.A., Alcobendas, Madrid, Spain).
Animals were divided into a control group (n ¼ 5, i.e., 10 retinas) that did not undergo any experimental manipulation and one experimental group that received a complete IONC (n ¼ 20). Sterile precautions were maintained for all surgical procedures. The left ON was intraorbitally crushed according to procedures that are standard in our laboratory. [5] [6] [7] 9, 44 Briefly, the left ON was crushed for 10 seconds at 3 mm from the optic disc using watchmaker's forceps. Before and after the procedure, the eye fundus was observed through the operating microscope to assess the integrity of the retinal blood flow. IONC-injured animals were killed 24 hours (n ¼ 10) or 14 days post-IONC (n ¼ 10).
After euthanasia, retinas were fresh dissected and immediately frozen on dry ice and afterward stored at À708C until further processing. In control untouched animals, both retinas were extracted, whereas in the IONC-injured animals only the left retina was used.
Metabolomic Analysis
Frozen samples were sent to Metabolon, Inc. (Durham, NC). After successful completion of the range-finding study, samples were extracted and prepared for analysis using Metabolon's standard solvent extraction method. The extracted samples were split into equal parts for analysis on the gas chromatography/mass spectrometry (GC/MS) and liquid chromatography/MS/MS (LC/MS/MS) platforms. Also, several technical replicate samples were created from a homogeneous pool containing a small amount of all study samples.
Instrument variability was determined by calculating the median relative standard deviation (RSD) for the internal standards that were added to each sample before injection into the mass spectrometers (RSD: 7%). Overall process variability was determined by calculating the median RSD for all endogenous metabolites (i.e., noninstrument standards), present in 100% of the samples, which are technical replicates of pooled client samples (RSD: 11%). Both RSD values meet Metabolon's acceptance criteria.
Data Extraction and Quality Assurance. The data extraction of the raw MS data files yielded information that could be loaded into a relational database and manipulated without resorting to BLOB manipulation. Peaks were identified using Metabolon's proprietary peak integration software, and component parts were stored in a separate and specifically designed complex data structure.
Compound Identification. Compounds were identified by comparison with library entries of purified standards or recurrent unknown entities. Identification of known chemical entities was based on comparison with metabolomic library entries of purified standards. This analysis identified 195 metabolites.
Normalization. For studies spanning multiple days, a data normalization step was performed to correct variation resulting from instrument interday tuning differences. Essentially, each compound was corrected in run-day blocks by registering the medians to equal one (1.00) and normalizing each data point proportionately. For studies that did not require more than 1 day of analysis, no normalization was necessary, other than for purposes of data visualization.
Statistical Calculation. Global biochemical profiles were compared across the sample groups Normalized data were compared as follows: 24 hours-IONC versus control, 14 days-IONC versus control and 14 days versus 24 hours-IONC. The first two comparisons would disclose those metabolites regulated at each specific time point after the lesion (early and late), while comparison of both experimental groups would reveal those metabolites that change their expression level as the response to the injury progresses. Statistical analyses were performed with the program ''R'' (http://cran. r-project.org/). Significance test was the Welch t-test and metabolites were considered statistically significant when P < 0.05 and approaching significance when the P value trend was 0.05 < P < 0.1.
Multivariate Data Analysis
Normalized data were exported to Simca P þ v.12 from Umetrics (Windsor, UK) to perform multivariate statistical data analysis. Datasets were log transformed, mean-cantered, and unit variance scaled in a columnwise manner before carrying out statistical analyses. Further details of sample acquisition and data preprocessing can be found in a previously published procedure. 45 A principal component analysis (PCA) was done to achieve the natural interrelationship (grouping, clustering, or outlier detection) among samples and quality controls. Supervised multivariate data analysis was performed by partial least-squares discriminant analysis (PLSDA). The whole objective was to model the relationship between X (the MS dataset) and Y (classes). The quality of the PLSDA models was conducted by the typical cross validation (CV) procedure by leaving one-seventh of samples out of each round. The cumulative values of total Y explained variance (R 2 ), and the Y predictable variation (Q 2 ) close to one indicated proper modeling. To further assess model consistency and performance, a response permutation test (n ¼ 200) was applied. In brief, permutation testing compares the original model's goodness of fit with the values obtained after class randomization. 46 All the classical statistical calculations were performed using the statistics software ''R'' (http://cran.r-project. org/).
In Silico Pathway Analysis
Functional clustering, enrichment, and pathway analysis of the regulated metabolites was carried out using Metacore (Thomson Reuters, New York, NY; http://www.genego.com/ metacore.php) platform. Through this platform, metabolites were analyzed using the map folders, pathway maps, process networks, and metabolic networks enrichment analysis. Enrichment in Metacore metabolic or process networks and pathway maps is a step ahead of gene ontology clustering, as the networks and maps are built considering interactions between the objects (proteins/genes/metabolites).
Metacore maps represent a set of consecutive signals, or metabolic transformations, confirmed as a whole by experimental data or by inferred relationships. Thus, these are graphic images that reflect the consensus knowledge on specific functional components in the intracellular cell signaling, regulatory processes, metabolic processes, or disease-related processes. Maps are assembled into map folders divided onto regulatory, metabolic, disease, toxicity, and drug action sections, and thus form an ontology of their own kind.
The difference between the networks and the maps is that maps show canonical pathways in which the interaction information is well-published, meaning there are usually multiple references for each interaction, whereas the networks contain many interactions that have only a single article reference.
Statistical relevance of the found ontology matches is calculated as P value, or a probability of a match to occur by chance, given the size of the database. The lower the P value, the higher is the ''nonrandomness'' of finding the intersection between the dataset and the particular ontology. That, in turn, translates into a higher rating for the term matched. In particular, the more genes/proteins belong to a process/ pathway, the lower the P value. Only those networks/maps that were statistically regulated (P < 0.05) at least at one time point were chosen.
Finally, we constructed custom signaling maps using curated interactions between objects (proteins and/or metabolites). To do this, proteins and metabolites of a given process or pathway were loaded into Metacore to generate networks. Networks were merged and subsequently depurated of nonregulated or side objects. Final networks were transferred to the Pathway Map Creator tool (Thomson Reuters) to create more visually friendly signaling maps.
RESULTS
Metabolomic Analysis
Comparison between 24 hours post-IONC versus control samples identified nine metabolites with significant (P < 0.01) concentration changes; however, such a small group (nine metabolites) can also be detected by random chance.
Comparison between the 14-day time point and the control identified 19 metabolites with significantly altered concentration levels. Finally, 32 metabolite levels were found to change when comparing both groups (Table 1) . Additional metabolites showed significant concentration level changes; however, these differences were significantly skewed by outlier points in the data (Table 1) . Affected metabolites were clustered in super-and subpathways. It is worth noting that most of these metabolites are lipids and amino acids. A more detailed enrichment analysis is shown below.
Most changes in concentration levels were observed at 14 days. Therefore, our biochemical interpretation below is based primarily on the comparison between control and the 14-day time point.
Multivariate Analysis
The MS data set containing the metabolic profile of each sample was exported to SIMCA-P for multivariate data analysis. First, a PCA analysis for sample clustering and outlier detection was performed. The PCA scores plot revealed that two data points belonging to the IONC-24 hours and IONC-14 days groups were severe outliers and were excluded from further chemometric analysis (Supplementary Fig. S1A ). PCA analysis showed two clear clusters: 24 hours post-IONC and the control groups and 14 days post-IONC group (Supplementary Fig.  S1B ). Based on these results, further chemometric analysis focused on finding the metabolic signature responsible for separation between these two groups (i.e., control versus 14 days and 24 hours versus 14 days) were performed by PLSDA. Two PLSDA models were calculated after performing a variable importance in the projection (VIP) selection procedure. 45 Model validation was performed by typical 7-fold CV, the R 2 values indicated the goodness of the model and the Q 2 values estimated the model's predictive ability. These values were used to assess the performance of the model and to select the optimal number of principal components (t). The results suggested an optimal model performance. The models were further validated by a random class permutation test (n ¼ 250). The R 2 and Q 2 intercepts of the validation plots were examined to confirm model validation. All the permutation models showed lower R 2 values when compared with the original R 2 value (i.e., real class). Furthermore, all Q 2 regression lines showed negative intercepts. These results strongly confirmed the validity of our models. The first two-component score plot of the PLSDA metabolites from control versus 24 hours post-IONC and 24 hours post-IONC versus 14 days post-IONC showed a complete class separation (Figs. 1A-D) . Classes were clearly discriminated by the first component (t1) in both models. This result suggests that differences among samples are directly related to dissimilarities between their metabolic profiles. VIP score of each feature was obtained and used for potential biomarker selection using the ''greater than one'' rule. 47 Thus a total of 27 metabolites were selected to discriminate between control and 14-day injured retinas and 36 metabolites to discriminate between 24 hours and 14 days post-lesion (i.e., between early and late stages of degeneration). These metabolites were selected as potential biomarkers of neuronal degeneration (Table 1 , two rightmost columns).
Functional Clustering
Enrichment analysis was performed for all the regulated metabolites and for the VIP metabolites separately to group them into the main signaling pathways or metabolic networks in which they participated. Only those maps or networks that had statistically significant changes in at least one of the comparisons were considered. The first observation was that both VIPs and regulated metabolites were clustered under the same processes, thus for the enrichment analyses in Table 2  and Supplementary Table S1 , all metabolites were considered.
Clustering was obtained, mainly, with data from 14 days post-IONC. The metabolic networks (Supplementary Table S1 ) or pathway maps (Table 2 ) with a lower P value specifically regulated at this time point, either compared with control or with 24 hours were the following: arginine, asparagine and aspartic acid metabolism, (L)-arginine metabolism, fructose metabolism, glycolysis, glucogenesis and glucose transport, Lornithine pathways, taurine and hypotaurine metabolism, galactose metabolism, urea cycle, pentose phosphate, and insulin regulation of glycogen metabolism. Metabolites with significant changes only in the 24 hours post-IONC group belonged to (L)-proline metabolism and phosphatidylcholine pathway.
Common to both time points were the tricarboxylic acid (TCA) cycle, alanine, glycine, cysteine and threonine metabolism, glycosphingolipid metabolism, N-acylethanolamines pathway, and glutathione metabolism.
Signaling map enrichment showed that canonical signaling cascades or biochemical pathways, such as oxidative stress, aminoacyl-t-RNA biosynthesis, sphingolipid metabolism, apoptosis through ceramide signaling, and glycolysis were regulated (Table 2) .
DISCUSSION
Here we describe the metabolomic changes occurring in the retina after IONC at two time points: before RGC loss is quantifiable (24 hours) and when the first quick wave of RGC death has ended (14 days 5, 6 ). The 24-hour time point analysis shows the metabolomic signature associated with RGCs committed to death but still alive (i.e., within the window frame) wherein neuroprotective therapies may be effective. The 14-day analysis shows the state of the stabilized retina after the injury, providing a pattern that may be useful to ameliorate the secondary degeneration associated with central nervous system insults, and to find possible biomarkers linked to neuronal degeneration.
Our analysis was carried out on whole-retinal extracts and thus it is not possible to ascribe the observed metabolomic changes to a specific retinal cell type. Although the observed regulation is triggered by the injury to RGCs, these changes are probably due to the activation of the retinal glia, astrocytes, Müller cells, and microglial cells, in response to RGC death. The upregulation of sphinganine, however, is probably caused by RGCs themselves, as this compound is linked to the ceramide apoptotic pathway, a signaling route highly regulated by axotomy in these neurons (see below).
Although a large number of metabolites was analyzed, not all metabolites present in the retina were identified, as this was a targeted analysis focused on 195 metabolites. Thus, there will probably be metabolomic changes not detected and pathways not analyzed, particularly metabolites present in a low concentration or with lipophilic physical characteristics.
A PLSDA analysis of all detected metabolites was performed, allowing us to select which metabolites were significantly altered after the injury. This analysis showed that there was a clear separation between 24 hours versus 14 days post-IONC groups. These findings are in agreement with previous reports in the literature showing that during the first 2 days after the injury, [5] [6] [7] [8] [9] while there is an upregulation of cellular signals leading to cell death, there is not a significant RGC loss, and, thus, there were few specifically regulated metabolites. In particular, VIP metabolites identified at 14 days could act as diagnostic markers of retinal degeneration or as future therapeutic targets such as urea, sorbitol, glucose, or fructose.
Among these, our analysis shows that sphinganine (safingol), a ceramide precursor, while not detected in all samples, was more than 5.0-and 2.5-fold higher at 24 hours and 14 days post-IONC, respectively, than in control, indicating a rapid accumulation of sphinganine after IONC and a posterior decrease, although still higher than control levels. At 14 days post-IONC, an increase of choline-phosphate, a product of the sphingomyelin degradation that ends producing ceramide, was also detected. Our metabolic analysis did not detect ceramide due to its lypophilic nature. Ceramide molecules regulate diverse signaling pathways involving apoptosis, cell senescence, cell cycle, and differentiation. 48 In general, ceramide effects are antagonistic to growth and survival.
As depicted in Figure 2A , safingol upregulation might reflect an activation of the apoptotic ceramide signaling pathway. This pathway commences at the tumor necrosis factor receptor 1 (TNFR1), a receptor that has been reported to be overexpressed by RGCs after IONC 8 and in glaucomatous degeneration. 49 TNFR1 signals through FADD and TRADD, both of which are upregulated by RGCs after IONC. 9, 50 This leads to the activation of caspase 8, which in turn activates caspase 3. Interestingly, both caspases are as well overexpressed by RGCs after IONC. 8, 51 Taken together, these results indicate that IONC induces a protein and metabolic activation of the apoptotic ceramide signaling pathway, which also inhibits glucose uptake, 52 a change also detected in this work (Fig. 2B, see below) .
At 24 hours and 14 days, an inverse regulation of Nacylethanolamines (NAEs) was observed. NAEs are endogenous lipids that are synthesized and accumulated in response to tissue injury. 53 They are believed to be neuroprotectants that reduce apoptosis and inflammation. 54 NAEs are part of the endocannabinoid metabolism. Endocannabinoids are constitutively expressed in the retina, and it has been reported that ''Regulated metabolites'' refers to the total number of metabolites regulated by IONC that belong to a given map. ''Total in maps'' means the total number of metabolites that belong to that map. P value means the probability of a random intersection of two different gene sets. h, hours postlesion; d, days postlesion. This analysis was carried out using the Metacore platform.
their downregulation in a model of glaucoma may play a role in glaucoma-associated RGC death. 55 Thus, the upregulation of these lipids at 24 hours after IONC may reflect an early activation of protective signals of the retina.
On the other hand, the PLSDA analysis of the 14 days post-IONC samples, when the proapoptotic signals had decreased and the RGC loss was depleted to 85% of the original population, showed that the number of altered metabolites was substantially increased. At this time point, the metabolism of amino acids was deregulated, provoking the accumulation of putrescine, a product of the amino acid catabolism. Although putrescine has also been shown to act as neuroprotectant, 56 its increase at 14 dpl would probably be a reflection of amino acid catabolism rather than a protective signal, since at 14 dpl most of the RGCs have already died. Furthermore, at this time point, the aminoacyl t-RNA biosynthesis pathway was downregulated, which indicates an alteration of translation and suggest that protein synthesis in the injured retinas is below normal levels, as it has been reported in glaucoma and ischemia. 57, 58 One of the most consistent differences observed at 14 days post-IONC was associated with carbohydrate metabolism. Glucose (Glc) and glucose-6-phospate (Glc-6-P) levels were nearly 3-fold higher 14 days post-IONC, whereas additional glycolytic intermediates (3-phosphoglycerate, 2-phospoglycer- ate, and lactate) were slightly higher, but not significantly different from the control ( Table 1, Fig. 2B ). To alleviate the high glucose levels and prevent retinal damage, glucose was diverted into the sorbitol pathway, resulting in sorbitol and fructose accumulation (both significantly higher at 14 days post-IONC). There was also an increase of glyceryl phosphate, an intermediate during the second part of the glycolysis pathway. These results suggest that IONC induces a deregulation of the carbohydrate metabolism that may result in a compromised cellular energy status, since the TCA cycle is also altered (see below, Fig. 2D) . Finally, our analysis marked fructose, glucose, and glucose-6-phosphate as VIP metabolites and thus may be used as biomarkers of the late steps of neuronal degeneration.
Hypotaurine and urea were higher in the injured retina after 14 days compared with the control retinas. Urea, as sorbitol, glucose, myo-inositol, betaine, and erythritol, is an osmolyte. 59 All of them were higher in the 14 days post-IONC, indicating an increase in osmotic stress in the injured retina.
In the diabetic retina, hyperglycemia leads to an increase in the cell oxidative stress status. 60 Oxidative stress also occurs in glaucomatous retinas, and antioxidant therapies have been shown to be neuroprotective in this pathology. 61 In this study, glutathione (oxidized and reduced) was downregulated at 24 hours post-IONC, but together with vitamin C (ascorbic acid) was slightly higher in 14 days post-IONC rats as compared with controls (Fig. 2C) . The detected high levels of cysteine-glutathione disulfide, which is formed from glutathione during oxidative stress, may be an indicator of increased oxidative stress. 62 In addition to this, ascorbate and ergothioneine (a powerful scavenger of hydroxyl radicals and an inhibitor of iron or copper ion-dependent generation of hydroxyl radicals from H 2 O 2 ) were significantly higher 14 days post-IONC and may act as a compensatory mechanism to deal with the increase in oxidative stress following injury.
Consistent with limited glycolysis in the retina, lower levels of TCA intermediates (citrate, cis-aconitate, succinate, fumarate, and malate) were detected at both times post-IONC (Fig.  2D ). Although these differences were partially skewed by outliers, they suggest a lower level of metabolite flux through the TCA cycle, indicating an overall difference in mitochondrial function, which could contribute to differences in oxidative stress between the control and post-IONC rat.
In conclusion, we have described the metabolomic alterations induced in the rat retina after axonal crush, showing clear differences between the early and late stages of degeneration. The identification of potential biomarkers paves the road for further analysis and validation in human samples. Analysis of concentration changes of these discriminating metabolites in human retinas may help identify prognostic factors or therapeutic target molecules during retinal or neuronal degeneration.
